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Japanese encephalitis virus (JEV) is a mosquito-borne pathogenic flavivirus responsible for acute viral encephalitis in humans.
The cellular entry of JEV is poorly characterized in terms of molecular requirements and pathways. Here we present a systematic
study of the internalization mechanism of JEV in fibroblasts and neuroblastoma cells. To verify the roles of distinct pathways of
cell entry, we used fluorescently labeled virus particles, a combination of pharmacological inhibitors, RNA interference (RNAi),
and dominant-negative (DN) mutants of regulatory proteins involved in endocytosis. Our study demonstrates that JEV infects
fibroblasts in a clathrin-dependent manner, but it deploys a clathrin-independent mechanism to infect neuronal cells. The clath-
rin-independent pathway requires dynamin and plasma membrane cholesterol. Virus binding to neuronal cells leads to rapid
actin rearrangements and an intact and dynamic actin cytoskeleton, and the small GTPase RhoA plays an important role in viral
entry. Immunofluorescence analysis of viral colocalization with endocytic markers showed that JEV traffics through Rab5-posi-
tive early endosomes and that release of the viral nucleocapsid occurs at the level of the early and not the late endosomes.

Japanese encephalitis virus (JEV) belongs to the genus Flavivirus
in the family Flaviviridae. Other members of the genus include

dengue virus (DENV), West Nile virus (WNV), yellow fever virus
(YFV), and tick-borne encephalitis virus (TBEV). Most flavivi-
ruses are transmitted by mosquito or tick vectors and cause seri-
ous human and animal disease (1). JEV is a major cause of epi-
demic encephalitis worldwide, with a potential to cause
permanent neuropsychiatric sequelae, and is sometimes fatal in
children living in areas of endemicity such as Southeast Asia. JEV
transmission has also been observed in the Southern Hemisphere
and has the potential to become a worldwide public health threat
(2, 3).

JEV particles are small particles (�50 nm), in which a glyco-
protein-containing lipid envelope surrounds the capsid, which
has a single-stranded positive-sense 11-kb RNA genome. The viral
RNA carries a single open reading frame with genes for three
structural proteins, i.e., capsid (C), premembrane (prM), and en-
velope (E), and seven nonstructural (NS) proteins, i.e., NS1,
NS2a, NS2b, NS3, NS4a, NS4b, and NS5 (1). The E glycoprotein is
the major antigenic determinant on flavivirus particles and medi-
ates binding and fusion during virus entry (4, 5). After internal-
ization, flaviviruses are trafficked to an endosomal compartment
where low pH induces conformational changes necessary for virus
uncoating and capsid disassembly (6).

Clathrin-mediated endocytosis (CME) is believed to be the
major route of flavivirus cell entry. The earliest evidence for this
was obtained from ultrastructural studies showing the presence of
Kunjin virus and YFV in coated pits (7, 8). Subsequently, DENV
and WNV have also been shown to infect mosquito cells via CME
(9–11). Single-particle tracking of dengue virus in live cells has
demonstrated virus movement along the cell surface in a diffusive
manner before it is captured by a preexisting clathrin-coated pit
(12). To date only one study has reported an alternate clathrin-
independent infectious entry pathway for DENV-2 in mammalian
cells (13). Using biochemical inhibitors and dominant-negative
(DN) mutants, entry of DENV-1 was demonstrated to be clathrin
dependent, while that of DENV-2 was clathrin, cholesterol, and

caveolin independent in Vero cells. In contrast, DENV-2 entry in
A549 cells was clathrin dependent, as previously reported for
HeLa, C6/36, and BS-C-1 cells (14). It is possible that the entry
pathway(s) utilized by the virus may be cell type dependent. Two
recent RNA interference studies for dengue virus entry and mul-
tiplication into monocytes and HepG2 cells show dependence on
clathrin heavy chain (CHC) and dyamin-2 (15, 16).

The cell biology of JEV entry remains relatively unexplored. An
electron microscopy study showed that JEV is transported across
cerebral blood vessels and breaches the blood brain barrier, and
both coated and uncoated vesicles could be seen in the capillary
endothelium (17). Data in support of a clathrin-mediated path-
way for JEV internalization are limited mainly to pharmacological
studies using the inhibitor chlorpromazine (18) and to the use of
dominant-negative constructs of Eps15, a key protein involved in
CME (19). It has also been shown that bafilomycin, a specific
inhibitor of vacuolar-type H�-ATPase, interfered with JEV infec-
tion of Vero cells (20).

In addition to CME, several endocytic pathways that do not use
clathrin have also been described (21, 22). At least three clathrin-
independent internalization pathways have been reported in
mammalian cells, but they are not yet completely characterized
(23, 24). These pathways vary in the cargoes they transport and in
the protein machinery that facilitates the endocytic process. Some
of these pathways are constitutive, whereas others are triggered by
specific signals or are hijacked by viruses (25). Considerable plas-
ticity exists in these endocytic mechanisms, and certain compo-
nents, such as dynamin-2, Rho GTPases, and actin, can participate
in more than one pathway. The large GTPase dynamin-2 was orig-
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inally noted for its role in severing clathrin-coated vesicles from
the plasma membrane and was subsequently found to be involved
in a clathrin-independent pathway mediated by caveolae (22). In
addition, some members of the ADP-ribosylation factor (Arf) and
Rho subfamilies of small GTPases were recently suggested to play
key roles in regulating clathrin-independent endocytic pathways
(26). Rho GTPases are also known to be involved in the control of
actin dynamics (27). Dynamin-2 and F-actin are crucial to most
endocytic processes that coexist within the cell. These common
factors must be tightly controlled and perhaps differentially regu-
lated according to the endocytic mechanism.

It is now being increasingly appreciated that many viruses can
utilize more than one entry pathway to infect cells (25, 28). There
have been many recent studies showing that viruses can induce
macropinocytosis for productive entry and infection (29–31).
Here, we address the roles of different endocytic molecules and
pathways involved in JEV internalization in Vero (green monkey
kidney fibroblast), Neuro2a (mouse neuroblastoma), and SH-
SY5Y (human neuroblastoma) cells. Using a combination of
pharmacological and molecular approaches, we show that a clath-
rin-independent pathway operates in neuronal cells for JEV infec-
tion. Dynamin-2, membrane cholesterol, and a dynamic actin cy-
toskeleton are specifically required for neuronal cell entry and
infection of JEV. In addition, the small GTPase RhoA and myosin
II motors aid JEV internalization. Immunofluorescence analysis
of viral colocalization with endocytic markers showed that JEV is
trafficked to Rab5-positive early endosomes, where membrane
fusion occurs. The infection process in both fibroblasts and neu-
ronal cells requires acid-dependent fusion at the level of the early
endosomes.

MATERIALS AND METHODS
Cells, antibodies, inhibitors, and plasmids. Mouse neuroblastoma
(Neuro2a) and human neuroblastoma (SH-SY5Y) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS) (HyClone). Porcine stable
kidney (PS) cells (National Center for Cell Sciences, Pune, India) and
Vero (African green monkey kidney) cells were grown in Eagle’s minimal
essential medium (MEM) with 10% FBS. All media was additionally sup-
plemented with 100 �g/ml penicillin-streptomycin and 2 mM L-glu-
tamine. Antibodies to JEV E protein, actin (loading control), and myc
were from Abcam. CHC antibody was from Cell Signaling Technology
and CLC antibody from Santa Cruz. All inhibitors, i.e., chlorpromazine
hydrochloride, dynasore, 5-N-ethyl-N-isoproamiloride (EIPA), methyl-
�-cyclodextrin (M�CD), filipin, cytochalasin D (CytoD), latrunculin A,
jasplakinolide, blebbistatin, and bafilomycin, were purchased from
Sigma. The chemical inhibitor for RhoA (CT04) and the Rho, Rac, and
Cdc42 G-LISA Activation Assay Biochem kits were purchased from Cy-
toskeleton Inc. (Denver, CO). All chemical inhibitor stock solutions were
prepared according to the manufacturer’s directions. Fluorescent dye
DiD and fluorophore-coupled transferrin (Tf), phalloidin, secondary an-
ti-mouse, and anti-rabbit antibodies and ProLong Gold antifade reagent
with DAPI (4=,6=-diamidino-2-phenylindole), were obtained from Invit-
rogen Corporation. Horseradish peroxidase (HRP)-coupled secondary
antibodies were obtained from Jackson Immunochemicals. The Eps15
mutants DIII�2(control) and DIII, subcloned in pEGFP-C2, were kind
gifts from Alexandre Benmerah (Universite Paris, Paris, France) (32).
Plasmids for wild-type (wt), dominant-active (DA), and dominant-neg-
ative (DN) Rho, Rac, Cdc42, Rab5, Rab7, and dyn-2K44A were obtained
from Addgene: plasmids 15899, 15900, 15901, 15903, 15904, 15905,
15906, and 15907 deposited by Alan Hall (33); plasmids 12660 and 12605
deposited by Richard Pagano (34); plasmid 14437 deposited by Ari Hele-

nius (35); plasmid 28045 deposited by Qing Zhong (36); and plasmid
34687 deposited by Sandra Schmid.

Virus generation, purification, and fluorescent labeling. For all stud-
ies, JEV isolate Vellore P20778 generated in PS cells was used. The culture
supernatant was harvested when 75% of the cells showed a cytopathic
effect, usually 36 to 48 h after infection, and was clarified by centrifugation
at 1,000 � g for 30 min at 4°C. Virus titers were determined using mono-
layers of PS cells as described earlier (37). Virus was further purified over
a 20% sucrose cushion in a Beckman Coulter ultracentrifuge (Optima
L-100K) at 80,000 � g for 4 h at 4°C. Purified virus was exchanged into
phosphate-buffered saline (PBS) through cycles of concentration by cen-
trifugation (800 � g) and dilution with PBS, using 50-ml ultrafiltration
tubes (10 kDa; Amicon). Virus was labeled with DiD by injecting 2 nmol
of dye into virus stock under intensive vortexing for 10 min at room
temperature. Excess dye was removed by purification through Micro Spin
G-25 columns (GE Healthcare). Labeling did not abolish viral infectivity.
Labeled virus was used immediately for experiments.

Cell transfection and transient expression. Cells were transfected
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocols. For transfection, cells were grown to 60 to 70% confluence on
18-mm coverslips or 35-mm coverslip dishes and transfected with 1 �g
DNA. Transfections were typically allowed to proceed for 18 to 24 h before
infection with JEV.

Small interfering RNA (siRNA) depletion experiments. Mouse-spe-
cific clathrin heavy chain (CHC)-targeting short hairpin RNA (shRNA)
plasmid DNAs (SHCLND_NM_001003908) were purchased from Sigma.
The best silencing efficiency was observed with clone NM_001003908.1-
5688s1c1 containing the sequence CCGGGCCGACAAAGACAACACTA
ATCTCGAGATTAGTGTTGTCTTTGTCGGCTTTTTG. Cells were
transfected with shRNA plasmid and harvested at 24, 48, and 72 h to check
for protein knockdown. Significant depletion of CHC was observed at 72
h. For clathrin light chain (CLC) depletion, an shRNA construct was
generated by cloning appropriate oligonucleotides containing the target-
ing sequence in the pSIREN-RetoQZsGreen plasmid (Clontech). The se-
quence of the forward primer oligonucleotide designed for the CLC
shRNA was GATCCGGAGCCTGAAAGTATCCGTATTCAAGAGATAC
GGATACTTTCAGGCTCTTTTTTGTCGACG. This sequence of the
clathrin light chain targeted in the shRNA construct is evolutionarily con-
served from rodents to primates. The green fluorescent protein (GFP)-
CLCshRNA clone was used for gene silencing in both Neuro2a and Vero
cells. This construct confers the additional advantage that cells receiving
the shRNA also express GFP. A time course of CLC depletion was done,
and maximal protein knockdown was observed at 72 h. Cell lysates were
run on SDS-PAGE, and Western blotting was done for CLC, CHC, and
actin. For infection experiments, cells were transfected with shRNA plas-
mids for either CHC or CLC for 72 h, following which they were infected
with JEV.

Virus infection and cell treatment. Neuro2a cells seeded on 35-mm
coverslip dishes or 18-mm coverslips were either transfected as described
above or treated with inhibitors prior to infection. The incubation time,
dosage, and cell viability upon treatment were determined for each inhib-
itor. For all inhibitors the final dimethyl sulfoxide (DMSO) concentration
never exceeded 0.2% of the total culture medium. Cells were infected with
JEV at a multiplicity of infection (MOI) of 0.4 for 1 h at 37°C with or
without inhibitors. For experiments involving dynasore, cells were grown
in 10% Nuserum (BD Biosciences)-containing medium. For cholesterol
depletion, cells were washed four or five times with serum-free medium
before addition of methyl-�-cyclodextrin (M�CD) or filipin. For RhoA
inhibition, cells were serum starved for 2 h, and inhibitor CT04 was added
to serum-free medium and left for 2 h. For inhibitors requiring serum-free
conditions, infections were done using purified virus in PBS with 0.1%
glucose. For experiments involving transfections, cells were infected with
JEV at an MOI of 1 (which results in about 30% infection in GFP-trans-
fected cells) for 1 h at 37°C. Following infection, cells were washed twice
with PBS and complete medium was added. Cells were fixed at 24 h
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postinfection (hpi) in 2% paraformaldehyde and permeabilized using
0.4% Triton X-100 or 0.04% saponin in PBS for 20 min at room temper-
ature. Blocking was done with 2 mg/ml bovine serum albumin (BSA) in
PBS for 1 h prior to incubation with anti-JEV E antibody, followed by
Alexa 488/568 anti-mouse secondary antibody. For transfection experi-
ments using overexpression constructs of myc-tagged Rho, Rac, and
Cdc42, cells were processed for double immunostaining with antibodies
against the myc epitope tag and JEV E antigen.

Virus colocalization studies. For transferrin and JEV colocalization
studies, labeled virus (MOI, 10) was allowed to bind cells on ice for 1 h.
After virus binding, cells were incubated with labeled Tf for 5, 10, and 15
min at 37°C. For colocalization with dsRed-Rab5, and GFP-Rab7, binding
of labeled virus to cells was done on ice for 1 h, after which cells were
warmed to 37°C for the specified times. Cells were given a low-pH wash
(0.1 M sodium acetate, 0.05 M NaCl, pH 5.5; 5 min) to remove virus
particles sticking to cells, fixed in 2% paraformaldehyde, and imaged.

Immunofluorescence microscopy and image processing. Confocal
microscopy was performed using an Olympus FV1000 confocal micro-
scope. For quantification of entry, images were acquired with a 20� Plan
Apo objective with a numerical aperture (NA) of 1.20. Images were ac-
quired for 8 to 10 fields of view per coverslip. Quantification of JEV infec-
tion was done by counting cells that were immune stained versus non-
stained for virus envelope (E) antigen. For experiments involving
transfections, quantitation was done by counting cells that were both
transfected and infected versus those that were transfected but remained
uninfected. The infection studies were normalized to either solvent-
treated or GFP expressing controls. All experiments were done in dupli-
cate or triplicate. Results are expressed as mean � standard deviation
(SD). Significance was determined using a Student t test. For colocaliza-
tion experiments, images were acquired with a 60� PlanApo objective
lens (NA, 1.4). Z stacks were acquired at 0.25 �m per slice by sequential
scanning. FluoView software (Olympus) was used to generate cross-sec-
tional and maximum-intensity projection images.

qRT-PCR. Neuro2a cells were plated in 35-mm dishes at a density of
0.5 � 106 cells/dish and were pretreated with inhibitors. Viral adsorption
(MOI, 10) to cells was performed at 4°C for 1 h, followed by one wash with
cold PBS and a shift to 37°C for 1 h in the presence of inhibitor. After
incubation, cells were washed with chilled PBS and low-pH buffer and
lysed in TRIzol reagent (Invitrogen). Quantitative real-time PCR (qRT-
PCR) primers were procured from Sigma. JEV positive-strand cDNA was
generated using the primer AATAAGTTGTAGTTGGGCACTCTG. JEV
was amplified using the following probes: TaqMan probe, CCACGCCAC
TCGACCCATAGACTG (5= end, 6-carboxyfluorescein [FAM]; 3= end,
6-carboxytetramethylrhodamine [TAMRA]); 5= primer, AGAGCACCAA
GGGAATGAAATAGT; 3= primer, AATAAGTTGTAGTTGGGCACT
CTG. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as
an internal control with the following probes: TaqMan probe, ACAACC
TGGTCCTCAGTGTAGC (5= end, FAM; 3= end, TAMRA); 5= primer,
CCTGCCAAGTATGATGAC; 3= primer, GGAGTTGCTGTTGAAGTC.
The PCR conditions were as follows: 94°C for 2 min (1 cycle) and 94°C for
15 s, 55°C for 30 s, and 72°C for 1 min (40 cycles). qPCR was done on
Applied Biosystems ABI 7500 instrument.

Quantification of transferrin uptake by flow cytometry and micros-
copy. Transferrin internalization by cells after treatment with chlorprom-
azine was measured by flow cytometry. Cells pretreated with 25 �M or 50
�M chlorpromazine were given a 10-min pulse of Alexa 488-Tf in labeling
medium (DMEM or MEM with 10% serum). After incubation, excess
label was washed off with chilled PBS and low-pH buffer to remove sur-
face-bound Tf. Cells were fixed and detached, and Alexa 488 fluorescence
was analyzed using a Becton Dickinson (BD) FACSCantoII flow cytome-
ter. The average of measured geometric means of internalized Tf in con-
trol and inhibitor-treated cells was calculated. For quantification of trans-
ferrin uptake in cells transfected with different endocytic mutants/CLC
shRNA, a pulse of Alexa 568/647 Tf was given for 10 min in labeling
medium. Cells were processed as described above, fixed, and imaged at

�20. Total fluorescence intensity per cell was calculated using Olympus
FV1000 analysis software. In each experiment, fluorescence was calcu-
lated from 10 to 12 fields of view from duplicate slides for each transfec-
tion condition. Integrated values of cell fluorescence were corrected for
background autofluorescence. Tf uptake is represented as mean and stan-
dard error of the mean of integrated fluorescence intensity from two in-
dependent experiments.

Rho GTPase activation assays. Neuro2a cells were transfected with
wt, DA, and DN plasmids of Rho, Rac, and Cdc42. Rho and Cdc42 acti-
vation was measured at 24 h posttransfection with a G-LISA activation kit
(kit BK124 or kit BK 127; Cytoskeleton Inc.). To measure Rac activation,
mock-, Rac DA-, and Rac DN-transfected cells were serum starved for 24
h, followed by treatment with complete medium for 10 min before wash-
ing with cold PBS and lysis (kit BK125). To measure Rho activation in
response to virus binding, JEV (MOI, 10) was adsorbed to cells at 4°C for
1 h, followed by one wash with cold PBS and a shift to 37°C to allow
infection for the indicated times. Cells were washed with cold PBS, lysed,
and processed for enzyme-linked immunosorbent assay (ELISA). The ac-
tivated form of the G protein was detected by incubation with specific
primary antibody followed by a secondary antibody conjugated to HRP
and a detection reagent. The signal was read by measuring absorbance at
490 nm using a microplate reader.

RESULTS
JEV internalization is dynamin-2 dependent. Dynamin-2 is a
large GTPase which acts by mediating release of newly formed
endocytic vesicles from the plasma membrane. It thus plays a crit-
ical role in CME as well as in some of the non-clathrin-dependent
pathways (38). To examine the role of dynamin-2 in JEV entry in
different cell lines, the effect of dynasore, a potent and specific
dynamin-2 inhibitor, was tested (39). Neuro2a, SH-SY5Y, and
Vero cells treated with 80 �M dynasore showed close to a 90%
block in JEV infection (Fig. 1A, C, and D). At 80 �M, dynasore
specifically blocks dynamin-2 function, which was confirmed via a
significant inhibition in internalization of transferrin (Tf), a cargo
that becomes internalized via the dynamin- and clathrin-depen-
dent endocytic mechanism. To confirm that dynasore was block-
ing JEV endocytosis and not inhibiting any downstream event
necessary for infection, qRT-PCR of JEV positive-strand RNA was
performed at 1 hpi to estimate viral entry in untreated and dyna-
sore-treated Neuro2acells. There was a 70% decrease in the viral
load in dynasore-treated cells relative to the control (Fig. 1B),
indicating that JEV endocytosis is likely to require functional dy-
namin.

We next tested the ability of a plasmid expressing the domi-
nant-negative K44A mutant of dynamin-2 (dyn2K44A) (40) to
block JEV infection. Neuro2a cells were transfected with either a
control GFP plasmid (Fig. 1E, left panel) or GFPdyn2K44A (Fig.
1E, right panel) and 24 h later were infected with JEV. Infected
cells were immunostained for JEV E protein. Whereas cells ex-
pressing GFP alone were infected with JEV (Fig. 1E, left panel),
those expressing the dyn2K44A mutant showed nearly a 70%
block in infection (Fig. 1E, right panel, and F). This observation
was also confirmed in SH-SY5Y and Vero cells (Fig. 1F). These
experiments thus suggest that JEV internalization in cells is dy-
namin-2 dependent.

JEV internalization is independent of clathrin-mediated en-
docytic cargo. Since JEV infection was dynamin dependent, we
examined the role of clathrin in the internalization process. Trans-
ferrin, which binds to the transferrin receptor, is a well-character-
ized cargo of clathrin-coated pits and served as a control in these
studies.
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As a first approach, we used fluorescently labeled virus particles
to follow endocytic internalization of JEV. To detect single JEV
particle entry events in Neuro2a cells, we labeled virions with the
membrane-permeative lipophilic dye DiD. This approach has
been used successfully with dengue, influenza, and hepatitis C
viruses (12, 41, 42). A homogeneously labeled particle suspension
was obtained, as indicated by confocal microscopy of labeled par-
ticles attached to glass coverslips (Fig. 2A, left panel). A majority of
the DiD-labeled viral particles have uniform fluorescence emis-
sions. To confirm that the DiD signal is specific to labeled JEV
particles, we immunostained DiD-labeled JEV with JEV envelope

antibody (Fig. 2A, middle and left panels, insets). There was no
significant loss of infectivity of DiD-labeled virus particles as
tested by plaque assays (Fig. 2B).

DiD-labeled JEV was allowed to bind to Neuro2a cells on ice
for 1 h, followed by a pulse with labeled Tf for different times. By
10 min, virus particles can be seen associated with the cell body,
with several virus particles attached to filopodia (Fig. 2C, upper
right panel, arrowheads). At this time point, no colocalization of
the internalized virus particles is seen with Tf (Fig. 2C, upper left
panel, arrowheads). Virus internalization was a slow process, and
the virus-containing vesicles remained segregated from Tf endo-

FIG 1 JEV internalization is dynamin dependent. (A) Neuro2a cells grown on coverslips were either untreated or treated with 80 �M dynasore for 1 h, following
which they were infected with JEV (MOI, 0.4) in the presence of the inhibitor. At 24 hpi cells were fixed and stained with anti-JEV E primary and Alexa 488
anti-mouse IgG secondary antibodies. Cells were mounted in DAPI containing antifade reagent and imaged at �20 on a confocal microscope. Cell nuclei can be
seen in blue (DAPI) and JEV E in green. Bar, 20 �m. (B) Neuro2a cells were infected with JEV (MOI, 10) in the presence of 80 �M dynasore for 1 h, following
which the endocytosed viral load was estimated by qRT-PCR of JEV positive-strand RNA. (C) Quantitation of JEV infection (MOI, 0.4) in Neuro2a, SH-SY5Y,
and Vero cell lines in the presence of 80 �M dynasore was done by microscopy and image analysis as described in Materials and Methods. The results are
normalized to solvent-treated control cells. (D) After 24 hpi (MOI, 0.4), the virus titer (mean � SD) in culture supernatants was calculated by plaque assay. (E)
Neuro2a cells transfected with GFP or GFP-dyn2-K44A were infected with JEV (MOI, 1; �30% infection in GFP-transfected cells). Cells were fixed at 24 hpi,
stained with anti-JEV E primary and Alexa 568 anti-mouse IgG secondary antibody, and imaged at �60 on a confocal microscope. Bar, 10 �m. (F) JEV infection
in Neuro2a, SH-SY5Y, and Vero cells expressing GFP and GFPdyn2K44A was quantitated as described above. Infection was normalized to GFP-transfected cells.
For panels B, C, and F, Student’s t test was used to generate P values. **, P � 0.01; *, P � 0.05.
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somes until 15 min postentry (Fig. 2B, lower left panel, arrow-
heads). After 30 min of internalization, there was about 50% co-
localization between virus and Tf endosomes, and this could
imply presence of the virus in Rab5 early endosomes (Fig. 2B,
lower right panel, arrows). Virus entry in Neuro2a cells appeared
to be independent of Tf endocytosis, since most of the internalized
virus was seen in vesicles that did not colocalize with Tf endo-
somes at early time points.

JEV entry in Neuro2a cells is clathrin independent. The role
of clathrin-mediated endocytosis in JEV infection was further
tested by employing different strategies to disrupt the pathway.
Chlorpromazine is commonly used to inhibit clathrin-mediated
endocytosis; however, this drug also elicits other secondary effects
on the cell, including inhibition of voltage-gated potassium chan-
nels in neuronal cells and inhibition of lysosomal and cytosolic
phospholipases (43, 44). Studies have shown that chlorpromazine

FIG 2 DiD-labeled JEV is internalized independently of clathrin-mediated endocytosis cargo transferrin. (A) DiD-labeled JEV particles were spotted onto a
poly-D-lysine-coated coverslip, immunostained with JEV E antibody, and imaged on a 60� objective. Images are presented as gray scales for individual colors and
were pseudocolored as indicated prior to being merged. Insets show magnified views of the region corresponding to the asterisk. Bar, 10 �m. (B) DiD-labeled JEV
and unlabeled JEV were processed identically, and infectious viral titers were calculated by plaque assays. (C) DiD-labeled JEV (pseudocolored in green) was
allowed to bind to Neuro2a cells on ice for 1 h, washed with chilled PBS, and then incubated at 37°C for different times in the presence of Alexa 568/Alexa 647-Tf
(pseudocolored in red). Cells were imaged at �60. The upper right panel represents a differential interference contrast (DIC) image (superimposed with
fluorescence from the DiD channel, pseudocolored in green) of the fluorescent image in the upper left panel. Note that DiD-labeled JEV endosomes remain
segregated from Tf endosomes until 15 min (arrowheads), and some overlap is detected only by 30 min (arrows). Bar, 5 �m.
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can inhibit JEV infection of Vero cells (18). We tested this effect of
chlorpromazine on Neuro2a, SH-SY5Y, and Vero cells. A concen-
tration of 50 �M was chosen for infection studies, as this dosage
showed maximum inhibition in Tf uptake in all three cell lines
(nearly 50% or more for Neuro2a and SH-SY5Y cells and 35% for
Vero cells) (Fig. 3A), and exposure to higher drug concentrations
led to significant cell death. While there was a greater than 60%
block in JEV infection of Vero cells, there was no significant inhi-
bition of infection of Neuro2a and SH-SY5Y cells (Fig. 3B and D).
Treatment of Neuro2a cells with chlorpromazine also did not have
any effect on the amount of JEV endocytosed as calculated by
qRT-PCR (Fig. 3C). These data suggest that JEV entry is likely to
be cell type dependent.

The role of clathrin-mediated endocytosis was further tested
by the expression of GFP-tagged dominant-negative (DN) Eps15
mutants. Eps15 is a crucial component of clathrin-coated pits,
where it interacts with adaptor protein 2 (AP-2), the major clath-
rin adaptor complex. Clathrin-mediated endocytosis can be
blocked by overexpression of the DN Eps15 mutant DIII, which
has a large N-terminal deletion, leaving only its C-terminal DIII
domain intact (32). The DIII mutant with an additional deletion
of its AP-2 binding sites (DIII�2), was used as a control to monitor

overexpression effects. Overexpression of the DN Eps15 decreased
transferrin internalization in Neuro2a cells by around 50% (Fig.
4A versus B; quantitation in shown in Fig. 4C). However, when
cells overexpressing the DN Eps15 mutant and control plasmids
were infected with JEV, there was a significant block in infection in
Vero cells, whereas Neuro2a and SH-SY5Y cells showed infection
comparable to that of the control (Fig. 4D and E). These results
imply that JEV internalization in neuronal cells can occur inde-
pendently of the clathrin-mediated endocytic pathway.

To further dissect the clathrin-independent endocytic mecha-
nism in neuronal cells, we focused on the cell line Neuro2a along
with Vero fibroblasts. The main components of clathrin-coated
pits and vesicles are clathrin triskelions, consisting of three heavy
and three light chains. To specifically inhibit clathrin-mediated
endocytosis, we used siRNA to knock down the expression of both
the clathrin light chain (CLC) and clathrin heavy chain (CHC) in
independent experiments. Both siRNAs have been previously
used to inhibit clathrin-mediated endocytosis (45). CLC was de-
pleted by use of a GFP-tagged shRNA construct that targets an
evolutionarily conserved region of the gene. Overexpression of
this construct in Neuro2a cells showed a significant inhibition
(�60%) of Tf internalization in GFP-positive cells by 72 h (Fig.

FIG 3 JEV entry and infection in neuronal cells are not inhibited by chlorpromazine treatment. (A) Neuro2a, SH-SY5Y, and Vero cells were pretreated for 30
min with chlorpromazine at the indicated concentrations and given a pulse of Alexa 488-Tf for 10 min. Cells were fixed, and transferrin uptake was quantified
by flow cytometry. The averages � SDs of measured geometric means of internalized Tf in control and chlorpromazine-treated cells are shown. (B) Neuro2a,
SH-SY5Y, and Vero cells were pretreated for 30 min with 50 �M chlorpromazine and infected with JEV (MOI, 0.4) in the presence of inhibitor. Infection was
scored as described in Materials and Methods. Student’s t test was used to generate P values. *, P � 0.05. (C) Neuro2a cells were infected with JEV (MOI, 10) in
the presence of 50 �M chlorpromazine for 1 h, and the amount of virus endocytosed was estimated by qRT-PCR of JEV positive-strand RNA. (D) Virus titers
(mean � SD) in culture supernatants at 24 hpi (MOI, 0.4) were calculated by plaque assay.
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5A, compare left panel [mock transfected] versus right panel
[CLC shRNA transfected]; quantitation is shown in Fig. 5B), and
nearly 90% of CLC was depleted from cells as tested by Western
blotting in both Neuro2a and Vero cells (Fig. 5C). Neuro2a cells
depleted of CLC did not show any reduction in JEV infection
compared to cells transfected with shRNA vector alone, whereas
Vero cells showed close to 50% inhibition of infection (Fig. 5D
and E). Depletion of CHC in Neuro2a cells (Fig. 5F) also did not
show any significant decrease in JEV infection compared to that in
mock-transfected cells (Fig. 5G and H). These experiments

strongly suggest that JEV internalization in mouse neuroblastoma
cells can occur efficiently via a clathrin-independent mechanism.

Cholesterol is required for JEV infection. Since a number of
viral entry pathways depend on cholesterol, we next examined
whether JEV internalization was sensitive to lowering of mem-
brane cholesterol levels, which is a major determinant of many
endocytic processes (46). Though several studies imply the re-
quirement of cholesterol to be an indicator of caveolar/lipid raft
endocytosis, cholesterol dependence of cell entry is an operational
definition and does not imply a specific pathway of entry (24).

FIG 4 JEV infection in neuronal cells is clathrin independent. (A and B) Neuro2a cells were transfected with plasmids for GFP-Eps15-DIII�2 (A) and
GFP-Eps15-DIII (B) and 24 h later were given a pulse of Alexa 568-Tf for 10 min. Images are presented as gray scales for individual colors and were pseudocolored
as indicated prior to being merged. Note that the majority of cells transfected with Eps15-DIII (arrows) show a block in Tf uptake, whereas cells transfected with
control Eps15-DIII�2 (arrows) show Tf uptake. Bar, 20 �m. (C) Quantitation of Tf internalization in Neuro2a cells transfected with GFP-Eps15 constructs
DIII�2 and DIII was done as described in Materials and Methods. (D) Neuro2a, SH-SY5Y, and Vero cells transfected with GFP-Eps15-DIII�2 and GFP-Eps15
DIII were infected with JEV (MOI, 1). At 24 hpi, cells were fixed and stained for JEV E antigen. Infection was scored by counting the number of GFP-transfected
cells stained versus unstained for JEV E and normalized to GFP-expressing infected cells. (E) Virus titers (mean � SD) in culture supernatants of transfected cells
at 24 hpi (MOI, 1) were calculated by plaque assay. (C and D) Student’s t test was used to generate P values; **, P � 0.01; *, P � 0.05.
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Most endocytic pathways are sensitive to cholesterol perturbation,
with both clathrin-dependent (47, 48) and clathrin-independent
(26, 49, 50) pathways being inhibited by removal of cholesterol.
Also, cargo such as simian virus 40 (SV40) and cholera toxin B,
which were earlier believed to be markers for caveolar endocytosis,
can be internalized via caveolin-independent pathways (51, 52).
Thus, the definition of a caveolar endocytic pathway in terms of its
specific cargo is now redundant.

For the dengue and West Nile flaviviruses, cholesterol was
shown to be required for infection (53–55). Mouse neural stem/
progenitor cells depleted of cholesterol before JEV infection also
showed a reduction in viral load and infective virus particle pro-

duction (19). In contrast, another study showed an increase in JEV
infection upon treatment of Huh-7 cells with methyl-�-cyclodex-
trin (56).

Our experiments demonstrated that membrane cholesterol
was required for JEV infection of both neuronal cells and fibro-
blasts. Cholesterol depletion was done by treating cells with meth-
yl-�-cyclodextrin, a drug that selectively extracts cholesterol from
the plasma membrane (57), or with filipin, a compound that binds
selectively to cholesterol, forming complexes in the plasma mem-
brane that sequester cholesterol and induce structural disorder
(58). Cells were treated with 5 mM and 7.5 mM methyl-�-cyclo-
dextrin or with 0.5 �M and 1 �M filipin before being infected with

FIG 5 Depletion of clathrin light-chain and clathrin heavy-chain proteins has no effect on JEV infection of neuronal cells. (A) Neuro2a cells were transfected with
either GFP-Retro Q shRNA plasmid vector alone (left panel) or GFP-CLC shRNA (right panel) and 72 h later were given a 10-min pulse of Alexa 647-Tf
(pseudocolored in red). Note that cells expressing vector alone show efficient Tf uptake, while cells expressing CLC shRNA show a block in Tf endocytosis. Bar,
5 �m. (B) Quantitation of Tf uptake was done as described in Materials and Methods. (C) Western blots showing depletion of CLC in Neuro2a and Vero cells
transfected with CLCshRNA plasmid for 72 h and loading control actin. (D) Neuro2a and Vero cells were transfected with shRNA plasmids directed against
clathrin light chain (CLC) or control mock plasmid. After 72 h, cells were infected with JEV (MOI, 1). Cells were scored at 24 hpi by immunofluorescence staining
of JEV E antigen. Infection was quantified as described above. (E) JEV titers in Neuro2a and Vero cells transfected with control and CLCshRNA plasmids,
estimated at 24 hpi (MOI, 1). (F) Western blot showing depletion of CHC in Neuro2a cells transfected with shRNA plasmids for 72 h and loading control actin.
(G) JEV infection in Neuro2a cells in the background of CHC depletion was scored as described above. (H) Virus titers (mean � SD) in culture supernatants of
Neuro2a cells depleted of CHC, infected at an MOI of 1, were calculated at 24 hpi by plaque assays. Student’s t test was used to generate P values. **, P � 0.01;
*, P � 0.05.
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JEV. Both treatments resulted in a marked inhibition (60% or
greater) of JEV infection, highlighting an essential role for cho-
lesterol in both clathrin-dependent and clathrin-independent
endocytosis of JEV in different cell lines (Fig. 6A). Quantitative
RT-PCR also showed an inhibition of JEV endocytosis in cho-
lesterol-depleted Neuro2a cells (Fig. 6B).

JEV binding on cells leads to active actin rearrangements.
The actin cytoskeleton is an important regulator of all membrane
processes. Studies have shown that upon interaction with filopo-
dia, several viruses, such as HIV, murine leukemia virus (MLV),
and vesicular stomatitis virus (VSV), undergo rapid actin-and
myosin II-driven transport, “surfing” to entry sites at the cell body
(59). To test whether JEV binding and infection events lead to any
global actin rearrangements, virus was added to Neuro2a cells and
left for different times and actin was observed via phalloidin stain-
ing. Uninfected cell surfaces were smooth and showed a clear mar-
gin with peripheral F-actin staining and random filopodial pro-
jections (Fig. 7A, upper left panel). As early as 3 min postinfection
(mpi), several cells showed increased intensity of cortical actin
structures and filopodial projections (Fig. 7A, upper right panel),
which increased with time (Fig. 7A, lower panels). By 5 min
postinfection, several cells showed a dramatic increase in the
number of filopodia that showed a regular arrangement around
the cell periphery (Fig. 7A, lower left panel). This effect peaked at
10 min postinfection (Fig. 7A, lower right panel). This increased
distribution of filopodia on cells is likely to represent induction of
an efficient infectious pathway brought about by some signaling
event initiated by virus binding.

JEV entry in neuronal cells is actin and myosin II dependent.
The induction of actin-rich filopodia on cells after virus binding
implies that viral entry is likely to be an actin- and motor-driven
process. We further examined the role of the actin cytoskeleton in
JEV entry by using chemical inhibitors of actin polymerization
and depolymerization. Cytochalasin D (CytoD) reversibly targets
barbed ends of F-actin, inducing depolymerization of existing fil-
aments and increasing the cellular pool of ADP-bound actin
monomers (60). Latrunculin A reversibly disrupts actin dynamics

by targeting monomeric G-actin and preventing actin polymer-
ization (61). Treatment of cells with CytoD at concentrations of 5
�M and 2.5 �M showed a 70% block in JEV infection in Neuro2a
cells and a 20% decrease in Vero cells (Fig. 7B). Similarly, treat-
ment with latrunculin at concentrations of 5 �M and 2.5 �M
significantly reduced JEV infection in Neuro2a cells while having a
marginal effect in Vero cells (Fig. 7B). To block turnover of actin
microfilaments, we used a cell-permeative drug, jasplakinolide,
that selectively binds to F-actin and dramatically decreases rate of
actin depolymerization (62). Treatment with jasplakinolide at
concentrations ranging from 0.5 to 2 �M resulted in about 80%
inhibition of JEV infection in Neuro2a cells (Fig. 7B). We also
confirmed that these drugs block JEV entry inside cells by qPCR
(Fig. 7C). Collectively, our pharmacological and immunofluores-
cence labeling data strongly suggest that the dynamic reorganiza-
tion (depolymerization/reploymerization) of actin microfila-
ments is critical for JEV entry in neuronal cells.

We further examined whether myosin-driven contractions
would provide the mechanical force for JEV infection process. It
has been shown that myosin motors are involved in movement of
actin filaments in cell surface protrusions (63), a process known as
rearward or retrograde F-actin flow. Nonmuscle myosin II is a
plus-end motor that localizes to the lamellum and retraction fi-
bers and is involved in viral surfing on filopodia. Since myosin II is
an important contributor to the cytoskeleton of neuronal cells and
may influence the trafficking of JEV, we tested its involvement in
viral entry by using its specific inhibitor blebbistatin (64). Blebbi-
statin interferes neither with binding of myosin to actin nor with
ATP-induced actomyosin dissociation, but it blocks myosin II in
an actin-detached state. Treatment of cells with blebbistatin (50
�M) resulted in about a 50% block in JEV infection in Neuro2a
cells and a 30% block in Vero cells (Fig. 7B and C). These results
suggest that myosin is essential for infection and that JEV entry
may involve virus movement along filopodia to the cell body uti-
lizing the underlying actin-myosin II machinery.

Role of the small GTPases in JEV infection. We next exam-
ined the role of the Rho family of small GTPases, i.e., Rho, Rac,

FIG 6 Cholesterol is required for JEV infection. (A) Neuro2a and Vero cells were treated with the indicated concentrations of M�CD or filipin for 1 h and
infected with JEV (MOI, 0.4) in the presence of inhibitor. At 24 hpi, cells were fixed and infection was quantified as described in Materials and Methods. (B)
Neuro2a cells were treated with the indicated concentrations of M�CD or filipin for 1 h and infected with JEV (MOI, 10) in the presence of inhibitor. The
endocytosed viral load was estimated by qRT-PCR of JEV positive-strand RNA. Student’s t test was used to generate P values. **, P � 0.01; *, P � 0.05.
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and Cdc42, that are involved in spatiotemporal control of actin
polymerization and also play a regulatory role in endocytic
processes (65). To dissect the effects of individual Rho family
GTPases, we expressed wild-type, dominant-negative, and dom-

inant-active isoforms of RhoA, Rac1, and Cdc42 and tested their
activity in cells (Fig. 8A, B, and C). While the dominant-active
isoforms showed severalfold-higher GTPase activity than the wild
type, the dominant-negative isoforms showed close to a 50% de-
crease in GTPase activity when overexpressed. These constructs
were expressed in Neuro2a cells and checked for their effects in the
JEV infection process. Cells expressing myc-tagged isoforms of wt
RhoA, wt Cdc42, Cdc42N17 (DN), Cdc42L61 (DA), Rac1L61
(DA), and Rac1N17 (DN) had roughly equal efficiency of JEV
infection. Only the RhoAN19 (DN) isoform showed about a 50%
reduction in JEV infection (Fig. 8D). The dominant-active RhoA
(L63) had a minor effect and reduced JEV infection by about 20%.
This could be because of decreased GTP-GDP turnover rates of
endogenous wt Rho protein in the background of overexpression
of dominant-active RhoA. As an alternative, we also tested the
effect of CT04, a specific RhoA inhibitor (66, 67). The active site of
CT04 is the exoenzyme C3 transferase from Clostridium botuli-
num. CT04 specifically inhibits RhoA, -B, and -C proteins by
ADP-ribosylation on asparagine 41 in the effector binding do-
main of the GTPase (68). Rho inhibition by CT04 was tested in
Neuro2a cells by cell morphology phenotypes and phalloidin
staining. Cells treated with CT04 at a concentration of 2 �g/ml
showed close to a 60% block in JEV infection and a 50% block in
JEV entry, strongly suggesting the involvement of RhoA in the JEV
endocytic internalization process in neuronal cells (Fig. 8F and G).

Since RhoA appeared to play a critical role in viral infection, we
investigated the activation status of RhoA during the initial stages
of JEV entry in Neuro2a cells. JEV (MOI, 10) was used to infect
cells, and Rho activation was measured with the G-LISA Rho ac-
tivation kit following the manufacturer’s instructions. The results
showed that Rho activation is an immediate and robust event
during JEV entry, reaching a maximum (close to 2-fold) at 10 mpi
compared to that in mock-infected cells (Fig. 8E). This result fur-
ther corroborates that JEV entry induces RhoA activation in neu-
ronal cells.

JEV infection requires passage through Rab5-positive early
endosomes but is independent of Rab7. It is established that all
flaviviruses require acidification in the endosome for uncoating
and release of the viral nucleic acid for replication (11, 69). We
confirmed that JEV entry in Neuro2a cells was acid dependent, as
pretreatment of cells with 100 to 200 nM bafilomycin A1, a drug
that is a potent inhibitor of the vacuolar ATPase and specifically
prevents acidification of endosomal vesicles (70), led to about a
95% decrease in JEV infection in both Neuro2a and Vero cells
(Fig. 9B).

Rab proteins are known to orchestrate membrane traffic in the
cell and show distinct localizations to specific subcellular com-
partments. Cargo from CME is sorted into early endosomes that
are marked by Rab5 and EEA1. From the early endosomes, mol-
ecules are either sorted for recycling or directed to late endosomes
that are Rab7 and LAMP1 positive. Endosomes carrying cargo
internalized via clathrin-independent pathways also fuse with
Rab5-positive early endosomes (71, 72). Studies with Dengue vi-
rus have demonstrated that the virus moves from Rab5-positive
early endosomes to Rab7-positive late endosomes before viral
RNA is released in the cytoplasm (11, 12). West Nile virus was also
shown to traffic from EEA1-positive early endosomes to LAMP1-
positive late endosomes, where virus uncoating finally occurred
(10, 73). In contrast, another study based on RNA interference
showed entry of dengue and West Nile viruses to be dependent on

FIG 7 Role of actin and myosin motors in JEV entry in neuronal cells. (A) JEV
(MOI, 10) was added to Neuro2a cells and left for the indicated times at 37°C,
following which cells were washed with chilled PBS, fixed, and stained with
Alexa 546-phalloidin. Images were taken at �60. Bar, 10 �m. (B) Neuro2a and
Vero cells were treated with inhibitors cytochalasin D, latrunculin, jasplakino-
lide, and blebbistatin at the indicated concentrations. Cells were infected with
JEV (MOI, 0.4) in the presence of inhibitor, and infection was scored as de-
scribed in Materials and Methods. (C) Neuro2a cells with treated with inhib-
itors at the indicated concentrations and infected with JEV at an MOI of 10 in
the presence of the inhibitor. Virus entry was quantified by qRT-PCR. Stu-
dent’s t test was used to generate P values. **, P � 0.01; *, P � 0.05.
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Rab5 but not on Rab7, indicating that virus uncoating occurs at
the level of early endosomes (74).

To investigate the endocytic trail followed by JEV, DiD-labeled
virus was allowed to bind to Neuro2a cells transfected with either
dsRed-Rab5 or GFP-Rab7 on ice for 1 h and then incubated at

37°C for different times to follow virus internalization in the cell.
Virus internalization was a slow process, and virus particles were
seen in endosomes distinct from Rab5 until 20 min of internaliza-
tion (Fig. 9A, upper panels). After 30 min of uptake, virus-con-
taining vesicles had acquired/fused with Rab5 endosomes (Fig.

FIG 8 The GTPase Rho A is required for JEV infection of neuronal cells. (A to C) Neuro2a cells were transfected with myc-tagged constructs of wt RhoA, RhoA
L63, RhoA N19, Rac1 L61, Rac1 N17, wt Cdc42, Cdc42 L61, and Cdc42 N17. The GTPase activity of the overexpressed constructs was quantified using
GTPase-specific ELISA as described in Materials and Methods. (D) Neuro2a cells transfected with the wt, DA, and DN constructs of Rho, Rac, and Cdc42 were
infected with JEV (MOI, 1). At 24 hpi, double immunofluorescence staining was done for myc and JEV E. Cells staining positive for both myc and JEV E were
scored and normalized to wt RhoA-expressing infected cells. (E) Time course of Rho activation in response to JEV binding using Rho GTPase-specific ELISA as
described in Materials and Methods. (F) Neuro2a cells were serum starved for 2 h before treatment with CT04 inhibitor for another 2 h. Cells were infected with
JEV (MOI, 0.4) in the presence of inhibitor. Infection was quantified as described in Materials and Methods. (G) Virus endocytosis (MOI, 10) was quantified in
control and CT04-treated cells by qRT-PCR. Student’s t test was used to generate P values, **, P � 0.01; *, P � 0.05.
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9A, lower left panel, arrowheads). By 1 h of internalization, the
virus signal significantly decreased and was no longer detectable
inside the cell. Labeled virus particles were not detected in GFP-
Rab7-positive late endosomes at any time point, indicating that
virus fusion is happening at a level upstream of Rab7 late endo-
somes (Fig. 9A, lower right panel).

To further confirm this observation, Neuro2a and Vero cells
were transfected with GFP-dnRab5 or GFP-dnRab7 for 24 h and
virus infection was monitored. Whereas cells transfected with
dnRab5 showed about a 90% block in JEV infection, cells trans-
fected with dnRab7 showed no significant inhibition. This indi-
cates that JEV fusion occurs at the level of the early endosome and
not the late endosome (Fig. 9C).

DISCUSSION

Current knowledge indicates that a complex network of diverse,
continuing, and triggered pathways operate at the eukaryotic
plasma membrane. Cargo specificity, coat proteins, and scission
molecules are used to define most of these mechanisms. The or-
derly transport of endocytic cargo is tightly regulated and requires
the participation of numerous lipids and accessory proteins. En-
docytosis also requires alterations of fine cellular structures and
mechanical force to internalize a vesicle. Viruses are adept at ex-
ploiting these mechanisms for gaining entry (25). Nearly all vi-
ruses utilize an endocytic mechanism to gain entry into a permis-
sive cell and establish infection. These pathways serve to deliver
viruses to vesicles and compartments conducive to viral mem-
brane fusion and release of the core into the cell cytoplasm at a site
permissive to replication. The route of virus entry can differ be-
tween cell types. In addition to utilizing the already-operational
endocytic pathways, in several cases viruses can induce pathways
conducive to entry by receptor binding and signaling events.

The results presented here indicate that entry of JEV in neuro-
nal cells involves strategies different from those described for
many other flaviviruses. JEV internalization occurs through a
clathrin-independent mechanism, and the cellular factors needed
for entry are dynamin, cholesterol, dynamic actin cytoskeleton,
the small GTPase RhoA, and myosin II motors. After endocytosis,
the virus traffics through Rab5-positive early endosomes, which
are possibly the sites for viral uncoating and genome release.

The information currently available suggests that flavivirus in-
ternalization is clathrin dependent. Studies have shown that JEV
infection of Vero and neural stem/progenitor cells can be inhib-
ited by chlorpromazine (18, 19). We also observed a clathrin-
dependent pathway for JEV infection in Vero cells. By depleting
the key coat proteins clathrin heavy chain and clathrin light chain,
our study clearly demonstrates that a clathrin-independent path-
way is operational for JEV entry in neuronal cells. Neuronal cells
are highly relevant for investigating JEV infection, since JEV is
primarily a neurotropic virus. It is likely that the endocytic route
followed by the virus is cell type dependent.

Cholesterol dependence is often considered to be a marker of
the caveolar/lipid raft-mediated pathway (75). However, choles-
terol is essential for most membrane processes. For flaviviruses as
well, membrane cholesterol is a requirement for entry (19, 54).
Our study with different cell types shows that membrane choles-
terol is an absolute requirement for JEV internalization.

JEV was seen associated with filopodia and the cell body. Virus
binding induced dynamic rearrangements of the actin cytoskele-
ton at the early stages of infection. Several viruses activate small

FIG 9 JEV infection requires trafficking through Rab5-positive compart-
ments but is independent of Rab7. (A) DiD-labeled JEV (pseudocolored in
green) was added to Neuro2a cells transfected with dsRed-Rab5 or GFP-Rab7
(pseudocolored in red) on ice for 1 h. Cells were warmed to 37°C for the
indicated times, washed with low-pH buffer, fixed, and imaged. DiD-labeled
JEV colocalization with Rab5 is seen only by 30 min postinternalization (lower
left panel, arrowheads). Bar, 10 �m. (B) Neuro2a and Vero cells were pre-
treated with 100 nM bafilomycin before infection with JEV. Infection was
quantified as described in Materials and Methods. (C) Neuro2a and Vero cells
transfected with GFP, GFP-wt Rab5, GFP-Rab5dn, GFP-wt Rab7, or GFP-
Rab7dn were infected with JEV and processed at 24 hpi as described above.
Infection was normalized to cells transfected with GFP alone. Student’s t test
was used to generate P values. **, P � 0.01.
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GTPases to form lamellipodia and filopodia in cells (76, 77). Our
data from experiments with drugs that alter actin organization
show that both actin polymerization and depolymerization are
required during the virus infection cycle. Filopodia are connected
to the cortical actin network, which, in association with myosin II,
controls their contractility at their base, and the motor activity of
myosin II could be required for JEV infection. Our results point to
a greater role for the actin cytoskeleton in early viral entry events
in neuronal cells.

After receptor binding, viruses undergo a period of diffusive or
directed motion on the plasma membrane until they become con-
fined (78). Some viruses can move along filopodia to internaliza-
tion sites by receptor interaction with the actin cytoskeleton and
retrograde flow within filopodia (59, 79). The actin cytoskeleton
plays a structural role in endocytosis. Its dynamic nature is essen-
tial for its function. Existing actin filaments undergo severing and
depolymerization in response to cellular requirements and stim-
uli, while new actin filaments are polymerized from monomeric
actin subunits and by branching off from existing filaments. These
processes are regulated by the Rho GTPases. Studies on herpesvi-
ruses have shown that RhoA can induce filopodia in infected cells
(76). Entry of Kaposi’s sarcoma-associated herpesvirus (KSHV)
induces RhoA GTPase and rearrangements of both microtubules
and the actin cytoskeleton in fibroblasts (80), and RhoA GTPase is
also important for virus entry in HEK293 cells (81). Our study also
points to an important role for RhoA in virus entry. The binding
of JEV to its specific receptor is likely to activate signaling of cells
via RhoA activation.

Several viruses induce macropinocytosis and use it as a route
for internalization and infection (29, 30, 82, 83). JEV binding and
uptake in Neuro2a cells did not show characteristics of macro-
pinocytic uptake. Further JEV internalization was not affected by
treatment of cells with amiloride, an inhibitor that specifically
blocks Na�/H� exchange and macropinocytois (data not shown).

The present findings provide the first evidence for a clathrin-
independent, actin-dependent pathway utilized by JEV for infec-
tion of neuronal cells. At least three clathrin-independent mech-
anisms at the plasma membrane have been described, primarily
on the basis of cargo, dynamin dependence/independence, the
role of cellular factors such as Arf and Rho GTPases, and actin and
cholesterol requirements (23, 24). It is still unclear whether JEV
utilizes a preexisting clathrin-independent endocytic pathway or
whether a specific pathway is induced in response to virus binding
and downstream signaling. The receptor for JEV on neuronal cells
is still uncharacterized. It is possible that binding to a specific
receptor and entry through a clathrin-independent pathway con-
fer on the virus a greater advantage to establish infection in neu-
ronal cells. Like all viruses, JEV relies on host cell factors and
physiological processes for key steps of its replication cycle. Iden-
tification of these processes and factors not only will allow a better
insight into pathogenic mechanism but may identify novel targets
for future therapeutic development.
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